Introduction
Hybrid organic-inorganic perovskite solar cell (PSC) systems have achieved high efficiency up to 20%. [1] [2] [3] [4] [5] Researchers have been intrigued to explore more possibilities for nding new efficient materials and better understanding interfacial mechanisms. [6] [7] [8] [9] [10] The solid-state hole-transporting materials (HTMs) have been introduced into PSC construction, effectively enhancing the power conversion efficiency (PCE). The state-of-the-art HTM is an organic small molecule based on the spirobiuorene core, 11, 12 2,2 0 ,7,7 0 -tetrakis-(N,N-di-p-methoxyphenylamine)-9,9 0 -spirobiuorene (spiro-OMeTAD). Alternative comparable organic small-molecule HTMs also have been developed for fabricating PSC, [13] [14] [15] [16] due to facial synthesis, low cost and easy to structural modication. The advantage of organic small-molecule HTMs is the property of HTM solution can realize good inltration into perovskite layer and exible tuning energy level to match the energy band of organolead halide perovskite and counter electrode. 17, 18 The reported structure of organic small-molecule HTMs for PSC mainly includes linear and star shapes. [19] [20] [21] [22] The commonly used donor groups of organic small-molecule HTMs are derivatives of diphenylamine and triphenylamine, and the newly emerged carbazole-diphenylamines facilitating the HTM with fast charge-transport property.
Several new star-shaped HTMs based on bridged/spiro central core were found to be similarly efficient as spiroOMeTAD. The structure of central core has an impact on the thermal stability of the star-shaped HTM and the solid state of spin-coated HTM lm. 23, 24 The commercial spiro-OMeTAD shows a glass transition temperature (T g ) of 125
C. 25 According to reports, a HTM based on a swivel-cruciform 3,3 0 -bithiophene core in PSC showed an amorphous state and a comparable PCE of 11.0% (T g ¼ 65 C) to that derived from spiro-OMeTAD (11.4%); 26 a HTM based on a spiro-bipropylenedioxythiophene core tends to crystallize in the solid state, and its photovoltaic performance in PSC (the highest PCE is 13.44%, T g ¼ 175 C) was as good as device obtained using spiro-OMeTAD (12.16%) under the same conditions; 27 a HTM based on a [2, 2] paracyclophane core in PSC yielded a PCE of 17.6% (T g ¼ 148. 5 C), and the spiro-OMeTAD HTM displayed a 15.4% in the same situation. 28 The bridged/spiro core structures of HTM provide a three-dimensional (3D) skeleton, and it is reported the 3D structure of the star-shaped HTM favors the property of charge transport.
inspiration to the development of the bridged/spiro core based HTMs that used for constructing economical and highly efficient PSCs.
Recently, we have synthesized star-shaped HTMs based on 1,1 0 -bi-2-naphthol (BINOL) core, and it displays a good performance in PSC. Note that, the BINOL-based HTMs show greater advantage over our previously reported HTMs. 32, 33 To our best knowledge, it is the rst time for BINOL compounds to be reported in PSC eld. BINOL is a typical C2-symmetric aromatic compounds, 34, 35 and it is oen used as a ligand for transitionmetal catalyzed asymmetric synthesis, 36-40 a donor group for charge-transfer complex applied in molecular recognition, [41] [42] [43] and a structural skeleton for uorescent chemical sensors for enantioselective uorescent recognition. 44, 45 BINOL is a commercial and low-cost compound, and its C2-symmetric feature is good for developing star-shaped HTM with 3D structure. In this work, two HTMs based on a BINOL core and carbazole-diphenylamine arms were studied. The hydroxyl groups of the BINOL were replaced by methoxyl group via etherication reaction.
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In this paper, we report the synthesis and characterization of two new HTMs based on a BINOL central core, 9,9 0 -(2,2 0 -dime-
-tetrakis(4-methoxyphenyl)-9H-carbazole-2,7-diamine) (Q197) and 9,9 0 -(2,2 0 -dime-
-tetrakis (4-methoxy-phenyl)-9H-carbazole-2,7-diamine) (Q198), was prepared for a comparative study. The structures of Q197, Q198, and Q205 are shown in Fig. 1 . The donor groups for the three HTMs are carbazole-bis(4-methoxyphenyl)-amine. The bis(4-methoxy-phenyl)-amine moiety is replaced on different positions of 9H-carbazole. The donor group of Q197 and Q198 is 2,7-carbazole-bis(4-methoxy-phenyl)-amine, and that of Q205 is 3,6-carbazole-bis(4-methoxy-phenyl)-amine. The spectra of the studied HTMs were investigated for their absorption ability in solution and on the perovskite lm. The electrochemical measurements and theoretical calculations were conducted for determining energy levels and optimizing geometric structures of the HTMs. Their thermal stability was evaluated by differential scanning calorimetry (DSC) and thermogravimetry (TG). PSCs based on the BINOLbased HTMs were fabricated, and the corresponding photovoltaic performances were compared with that of device fabricated by the reference HTM. The results indicate that the HTM based on the BINOL central core has a great potential for constructing high-efficiency PSC.
Experimental

Instrument and materials
All reactions were carried out under argon conditions and solvents were distilled from analytical grade reagents. The BINOL, Pd 2 (dba) 3 , n-butyllithium, t-BuONa, (t-Bu) 3 P were Fig. 1 Structures of Q205, Q197 and Q198. purchased from Energy Chemical (China). The lithium bis(triuoromethanesulfonyl)imide (LiTFSI, 0.1 M) and 4-tert-pyridine (TBP) were purchased from Aldrich. The melting points of the samples were measured with a RY-1 melting point apparatus (Tianfen, China), and temperatures were uncorrected.
1 H NMR and 13 C NMR spectra were recorded on a Bruker AM-400 spectrometer. The reported chemical shis were referenced against TMS. High resolution mass spectra (HRMS) were obtained with a Micromass GCT-TOF mass spectrometer.
Synthesis
The synthesis route for Q205, Q197 and Q198 are shown in Scheme 1. Intermediates from compound 1, 5, 6 and 7 were known compounds, and they were prepared by following synthetic methods reported in the literatures. and t-BuONa (2.88 g, 30.01 mmol) were put in the round bottom ask equipped with stirring bar in anhydrous toluene (60 mL). Then (t-Bu) 3 P (0.38 g, 15% mol), and Pd 2 (bda) 3 (0.74 g, 4% mol)
were added under nitrogen. The mixture was reuxed and the reaction was followed by TLC (thin layer chromatography 
Spectral, electrochemical and thermal stability measurements
The absorption spectra of Q205, Q197 and Q198 in solution and coated on mesoporous TiO 2 and TiO 2 /CH 3 NH 3 PbI 3 lms were measured by SHIMADZU UV-2600 spectrophotometer. Fluorescence measurements were carried out with a HITACHI F-4500 uorescence spectrophotometer. The morphology and structural properties of the lms were analyzed using a ULTRA plus ZEISS eld emission scanning electron microscope (SEM) and a Bruker AXS-D8 Advance X-ray diffractometer (XRD) using Cu Ka radiation. Cyclic voltammetry (CV) measurements for Q205, Q197 and Q198 were performed on a Zennium electrochemical workstation (ZAHNER, Germany) using a three-electrode system. Tetrabutylammonium hexauorophosphate (n-Bu 4 NPF 6 ) of 0.1 M was added into a dichloromethane solution as electrolyte. An Ag/0.01 M AgNO 3 electrode (acetonitrile as solvent) was used as the reference electrode. In three-electrode system, a FTO conductive glass was used as the working electrode, and a platinized carbon electrode was used as the counter electrode. The scan rates were 10 mV s À1 . The measurements were calibrated using ferrocene as standard. The redox potential of ferrocene internal reference is taken as 0.63 V versus NHE. The thermal stability was determined by thermogravimetry (TG) and differential scanning calorimetry (DSC). TG analyses were performed on TG 209 F3 Tarsus (NETZSCH, Germany) at a heating rate of 10 C min À1 under nitrogen atmosphere. DSC analyses were conducted on DSC 200 F3 Maia (NETZSCH, Germany) at a heating rate of 10 C min À1 under a nitrogen atmosphere. 
Device fabrication
room temperature, the lm was rinsed by deionized water and ethanol, respectively. Then the lm was annealed at 500 C for 30 min
Photovoltaic characterizations
The photocurrent density voltage curves (J-V) characteristics of the PSC devices were carried out using a Keithley 2400 digital source meter controlled by a computer and a standard AM1.5 solar simulator-Oriel 91160-1000 (300 W) SOLAR SIMULATOR 2 Â 2 BEAM. The light intensity was calibrated by an Oriel reference solar cell. To prevent inated photocurrents arising from stray light, a 0.09 cm 2 black metal mask (cm 2 ) surrounded the active area was covered on a testing cell during all measurements. The action spectra of monochromatic incident photon-to-current conversion efficiency (IPCE) for solar cell were performed by using a commercial setup (QTest Station 2000 IPCE Measurement System, CROWNTECH, USA). Intensity modulated photovoltage spectroscopes (IMVS) was also measured by the Zennium electrochemical workstation (ZAH-NER, Germany), in which a green light emitting diode (LED, 532 nm) was modulated to yield light frequency ranging from 100 mHz to 10 kHz and illumination intensity from 1 to 40 mW cm À2 . Electron densities were measured by charge extraction technique as reported. 
Results and discussion
Spectral characterizations
The light absorption property and optical energy gap (E opt g ) of Q197, Q198 and Q205 were studied, and the spectra of the HTMs are shown in Fig. 2 . The corresponding spectroscopic data are listed in Table 1 . Fig. 2(a) shows the normalized UVvisible absorption and uorescence emission spectra of the three HTMs in dichloromethane. The maximum absorption wavelength (l max abs ) of Q197, Q198 and Q205 are located at 389 nm, 389 nm and 307 nm, respectively. The absorption bands of Q197 and Q198 exhibited a red shi compared to Q205, and this may be due to the introduction of 4-methoxyphenyl-amine substituted on 2,7-positions of 9H-carbazole extending the conjugation length of Q197 and Q198. 
Quantum chemical calculations
The electronic properties and geometries of Q205, Q197 and Q198 were investigated by quantum chemical calculations. DFT at the B3LYP/6-31g level was used to optimize the geometric structures of the three HTMs. All structural optimization and energy calculations were performed using the GAUSSIAN 09 program. The optimized structures of Q205, Q197 and Q198 are shown in Fig. S1 (ESI †), and the atoms are numbered. The selected bond angles and bond lengths of Q205, Q197 and Q198 are presented in Table S1 . † The length of C-N bond binding 9H-carbazole and (4-methoxy-phenyl)-amine on 3,6-substituted position of Q205 is 1.430Å, and that on 2,7-substituted position of Q197 is shorter (1.426Å). The representative dihedral angles of the three HTMs are marked, as shown in Fig. S2 . † The two naphthalene rings of BINOL have a 3D structure with a dihedral angle of 75.427 in Q205 and 99.341 in Q197. The frontier orbitals of molecules are also studied (Fig. 3) . The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of three HTMs were simulated using Gaussian 09 program. The HOMO of Q205, Q197 and Q198 is localized in the carbazole-diarylamine part, and the LUMO mainly localized in the central core. It is indicated that a photoinduced electron transfer can occur in the HTM compounds by the HOMO-LUMO excitation.
Electrochemical measurements
The accurate HOMO level of Q205, Q197 and Q198 were determined by cyclic voltammetry (CV), and the CV curves are shown in Fig. 4 . 
Thermal properties
The thermal stability of the studied HTMs was tested by thermogravimetry (TG) and differential scanning calorimetry (DSC). The TG and DSC results were plotted in Fig. 5 . The three HTMs exhibit high thermal decomposition temperature (T d ) above 420 C (Fig. 5(a) ). Q205, Q197 and Q198 have a high glass transition temperature (T g ) of 188 C, 168 C and 157 C (Fig. 5(b) ). The naphthyl on the BINOL core has a stronger rigidity than the phenyl on the 3,3 0 -biphenyl core, and the BINOL core has a more twisted dihedral angle than the 3,3 0 -biphenyl core (Fig. S2 †) . The much higher T g values of Q205 and Q197 are possibly beneted from the more twisted structure of their BINOL central core than that of 3,3 0 -biphenyl core on the reference HTM (Q198). 56, 57 In spin coating procedure, all of them can form amorphous lms in solid states without molecular aggregation.
Device performance
The morphology of spin-coated thin lms of Q205, Q197 and Q198 on perovskite surface was measured by SEM (Fig. 6) . The CH 3 NH 3 PbI 3 were prepared by two-step deposition. As shown in Fig. 6(a)-(c) , the HTM lms are transparent and uniform, and the result is in agreement with their good thermal stability showing no aggregation. Fig. 6(d) gives the cross-section SEM morphology of PSC, and the lm thickness of HTM is 150 nm.
The photovoltaic performances of PSCs fabricated by BINOLbased HTMs were investigated by J-V characteristics under illumination of 100 mW cm À2 , and PSCs based on the reference HTM were also tested. In PSC devices, carbon counter electrode was used to replace noble metallic materials. At rst, the conditions of HTM concentration, doping amount of LiTFSI and TBP were optimized. The results are shown in Fig. S3 and S4, † and the corresponding photovoltaic parameters are listed in Tables S2-S4 (ESI †) . As shown in Fig. S3(b) and Table S2 , † the best performance of Q197-based PSC is obtained under conditions of Q197 (70 mg mL À1 ) doping Li-TFSI/TBP (30 mM/120 was respectively used with addition of Li-TFSI/TBP (30 mM/120 mM), the corresponding PCE are 4.09% and 5.29%. When the concentration of Q197 was increased from 70 mg mL À1 to 100 mg mL À1 (Li-TFSI/TBP (30 mM/120 mM)), the PCE decreased to 5.59%. Too higher concentration of HTM will form too thick solid-state lm by spin coating, possibly resulting in the acceleration of electron recombination rate at the CH 3 -NH 3 PbI 3 /HTM interface. PSC based on Q197 without doping showed a J sc of 11.14 mW cm À2 , a V oc of 645 mV, a FF of 0.34, and a PCE of 2.45%. The doping of Li-TFSI and TBP has a positive impact on the photovoltaic action of HTM in PSC. As mentioned above, the optimal dosage of Li-TFSI and TBP for Q197 are 30 mM and 120 mM, respectively. When the adding amount of Li-TFSI was kept at 30 mM, the PCE of PSC based on Q197 doping TBP of 60 mM and 200 mM are 6.37% and 8.08%, respectively. In addition, when the adding amount of TBP was kept constant, the PCE of PSC based on Q197 doping Li-TFSI of 60 mM and 15 mM are 3.91% and 4.18%, respectively. The positions of the end groups also have a great impact on the cell performance. In this work, the solubility of Q197 and Q198 based on 2,7-carbazole-bis(4-methoxy-phenyl)-amine in Fig. 3 The frontier orbitals of Q205, Q197 and Q196. Fig. 4 Cyclic voltagrams of Q205, Q197 and Q198. Table 2 The electrochemical data of Q205, Q197 and Q198 chlorobenzene is superior to that of Q205 based on 3,6-carbazole-bis(4-methoxy-phenyl)-amine. The solubility of Q205 was greatly enhanced when doping Li-TFSI/TBP of 30 mM/ 200 mM. As shown in Fig. S3(a) and Fig. 7 shows the corresponding J-V characteristics of PSCs and the incident photon-to-current conversion efficiency (IPCE) spectra of devices. 58, 59 The corresponding photovoltaic parameters are given in Table 3 . From Fig. 7(a) , PSC based on Q197 (8.38%) exhibited better photovoltaic performance than that based on Q205 (6.51%) and Q198 Fig. 7(a) that the dark current of PSC was increased in order of Q205 < Q197 < Q198. This result suggests that charge recombination of Q205 and Q197 was greatly reduced. 60 The higher V oc value of Q205 (984 mV) and Q197 (897 mV) than Q198 (863 mV) may caused by the decrease of charge recombination. 46 Thus, BINOL-based HTMs has a great potential for the construction of highly efficient PSCs. The J sc of PSC increased in order of Q205 (13.23 mW cm À2 ) < Q197 (16.53 mW cm À2 ) z Q198 (16.69 mW cm À2 ), which was in accordance with IPCE value (Fig. 7(b) ).
To further evaluate the potential of the studied HTMs, time constant of electron recombination (s n ) was measured by intensity modulated photovoltage spectroscopy (IMVS) 61 ( Fig. 8) . As shown in Fig. 8 , PSC based on Q197 and Q198 show a lager time constant of electron recombination and a higher electron density than that based on Q205. This result is agreement with that Q197 and Q198 exhibited higher J sc values than Q205. Based on the results of J-V characteristics, it can be concluded that the change of donor arms of BINOL-based HTMs can be used to regulate the photovoltaic parameters of PSCs. Q197 containing 2,7-carbazole-bis(4-methoxy-phenyl)-amine groups exhibits higher J sc . Q205 bearing 3,6-carbazolebis(4-methoxy-phenyl)-amine shows lager V oc . Moreover, Table  S5 † lists photovoltaic parameters of eight cells fabricated by Q197. It is shown that PSCs fabricated by BINOL-based HTMs displayed replicability, which is good for BINOL-based HTMs to become a promising candidate for the fabrication of efficient PSCs. show device based on Q197 display a higher J sc and the highest PCE (8.38%) than Q205 (6.51%), which is comparable to that fabricated by commercial spiro-OMeTAD (8.73%). Device fabricated by Q205 shows a much larger V oc (983 mV). The dark current measurements indicate the BINOL-based HTMs effectively reduced charge recombination, as compared to the reference HTM. IMVS measurements also show BINOL-based HTMs have large time constant of electron recombination and high electron density. Therefore, BINOL is a promising bridge/ spiro building block for fabricating highly efficient PSC, and the photovoltaic parameters of device based on this new type HTM can be exibly tunable by structural modication. 
Conclusion
